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Statement on use of butantriol-derived spacer  (see footnote [5] in manuscript) The butantriol-derived spacer is advantageous over an alternative glycerol-based derivative; here, exclusively leads to cleavage at the 3'-phosphate (due to the formation of a 5-membered instead of 7-membered heterocycle in the trigonal-bipyramidal transition state), and therefore results in a unique hydrolysis pattern; in contrast, a glycerol-derived spacer would have equal probability to cleave at the 3' and 5' phosphate, and therefore hydrolysis ladders could be ambiguous. As an other alternative to the flexible spacer , a cyclic tetrahydrofurane derivative was considered, which resembles an abasic site ribonucleotide. We decided to use the flexible structure  to avoid interference from the 2'-OH group in the rigid construct, which could mask the effect of nucleobase deletion (similar to 2'-OH interference in CoMA and dNAIM). The flexible spacer  thus gives stronger results by firmly indicating the dispensability of nucleobase and ribose at the same time.
General Information
All chemicals and solvents were obtained from commercial sources. Solvents were dried over activated molecular sieves. Silica gel plates precoated with fluorescent indicator were used for thin layer chromatography (TLC) and the plates were visualised either with UV light or conc. 
2 -(N,N-dimethylamino)methylene-2'-deoxyguanosine, and thymidine were from SAFC/Sigma-Aldrich. Benzylthiotetrazole (BTT) was from Carbosynth (UK). Ribonucleotide triphosphates (NTPs) for in vitro transcription reactions were purchased from Jena Bioscience, and -32 PdATP (3000 Ci/mmol) and γ-32 P-ATP (3000 Ci/mmol) was from Perkin Elmer. T4 RNA ligase, T4 DNA ligase and T4 polynucleotide kinase (PNK) were from Fermentas, and Klenow fragment was from Jena Bioscience.
Chemical synthesis of phosphoramidite 1
Scheme S1. Synthesis of phosphoramidite 1. Reagents and conditions: a) DMT-Cl, pyridine, RT, 6 h, 99%; b) ADmix-, tBuOH, H 2 O, 0°C, 24 h, 73%; c) tBDMS-Cl, imidazole, CH 2 Cl 2 , RT, 16 h, 74%; d) CEP-Cl, Me 2 NEt, CH 2 Cl 2 , RT, 45 min, 75%.
4-(4,4'-Dimethoxytrityl)oxy-1-butene (3).
To the solution of 3-buten-1-ol (2) (100 mg, 1.38 mmol) in dry pyridine (6.2 mL), dimethoxytrityl chloride (DMT-Cl, 700 mg, 2.1 mmol) was added under argon and the mixture was stirred for 6 h at RT. The reaction mixture was quenched with methanol (3 mL) and diluted with dichloromethane (DCM, 50 mL). The organic layer was washed with 5% aq. NaHCO 3 (20 mL × 3). The organic layer was dried over Na 2 
CCGTCGCCATCTCCAGCTATATGTGCTGGACTGAGAGGGGTAGTTTCGCAGTGAGGTGTAGGTTCCCGTATTATCC
The bold nucleotides represent the catalytic loop regions, the non-bold nucleotides constitute the binding arm for the RNA substrates and the italic nucleotides form Watson-Crick base pair in a three helix-junction structure with the first four nucleotides of the adaptor strand. The blue colored nucleotides were proposed to form a Watson-Crick base-paired stem. The spacer ∆ was statistically incorporated only into the bold and italic regions (loop A and loop B).
DNA oligonucleotides for adenylation of adaptor strand pA1 [3] template T1 5'-GCCATCTCTTCCTATAGTGAGTCGTAT-3' mismatch acceptor M1 5'-CTGTAATACGACTCACTATC-3'
Template and promoter strand for in vitro transcription of adaptor strand A2 template T2
5'-CCGTCGCCATCTCTTCCTATAGTGAGTCGTATTACAG-3' T7 promoter 5'-CTGTAATACGACTCACTATA-3'
Template DNA for 3'-32 P-labeling of deoxyribozyme libraries T3 5'-GTGGATAATACGGGAAp-3'
DNA oligonucleotide for optimization of hydrolysis conditions 5'-ACGTXTGCAT-3'
The unmodified DNA oligonucleotides, including mutants of 8LV13 and 9HR17 deoxyribozymes were purchased from Sigma Aldrich and purified by PAGE (10% polyacrylamide). The ribonucleotidecontaining oligonucleotides for scaffold strands and adaptor A1 were prepared by solid phase synthesis. The adaptor strand A1 for the 8LV13-catalyzed reaction was prepared by 5'-adenylation of its precursor DNA pA1 using T4-DNA ligase, ATP, DNA template T1 and mismatch acceptor M1. [3] The RNA adaptor substrate A2 was prepared by in vitro transcription using T7 RNA polymerase and a synthetic DNA template T2.
[4] The template T3 for 3'-32 P-labeling via Klenow-catalyzed single-nt ligation [5] was prepared by solid-phase synthesis using a 3'-phosphate support.
General methods for solid-phase synthesis, deprotection and purification of oligonucleotides
Solid-phase synthesis was performed on 0.7 µmol polystyrene custom primer supports from GE Healthcare, using a Pharmacia Gene Assembler Plus. Phosphoramidite solutions, tetrazole solution, and acetonitrile were dried over activated molecular sieves overnight. Synthesis conditions were as follows: Deprotection of rN-or ∆-containing oligonucleotides was achieved with 33% ammonium hydroxide:ethanol 3:1 for 18 hours at 55°C, followed by cleavage of the 2'-O-silyl groups with tetrabutylammonium fluoride trihydrate (TBAF·3H 2 O) in THF (1 M, 1000 µL) for 15 hours at 40°C. The reaction was quenched with Tris.HCl (1 M, pH 7.4, 1000 µL), and the crude oligonucleotides were isolated by desalting on a Sephadex G 10 column (3x5 mL HiTrap column, GE Healthcare) monitored by UV-detection at 280 nm.
The quality of the synthesized oligonucleotides was analyzed by anion exchange HPLC (Dionex DNAPac PA200 column: eluant A, 25 mM Tris.HCl, pH 8.0, 6 M urea; eluant B, 25 mM Tris.HCl, pH 8.0, 0.5 M NaClO 4 , 6 M urea) and then purified by denaturing PAGE [10-20% polyacrylamide, 1x TBE (89 mM each Tris and boric acid, pH 8.3, 2 mM EDTA), 7 M urea, 0.7 mm, 20x30 cm, 35W]. Oligonucleotides were visualized by UV shadowing and extracted by crush and soak into TEN (10 mM Tris.HCl, pH 8.0, 1 mM EDTA, 300 mM NaCl) at 37°C for 2x 3-5 h, followed by precipitation with ethanol at -80°C. The quality was confirmed by denaturing anion-exchange HPLC and ESI-MS.
5'-Adenylation of adaptor strand A1 The 5'-adenylation was performed using a C-T acceptor-template mismatch and T4 DNA ligase. [3] A sample in a total volume of 280 μL containing 2 nmol 5'-phosphorylated DNA pA1, 2.2 nmol template and 2.4 nmol acceptor M1 was annealed in 5 mM Tris.HCl (pH 7.5), 15 mM NaCl and 0.1 mM EDTA by heating at 95°C for 3 min and cooling at 25°C for 20 min. The solution was brought to a final volume of 400 μl, containing 1x T4 DNA ligase buffer [40 mM Tris-HCl (pH 7.8), 10 mM MgCl 2 , 10 mM DTT, 0.5 mM ATP], 6 mM ATP and 2 μL T4 DNA ligase. The solution was incubated at 25°C for 2 h, followed by ethanol precipitation using 40 μL 3M NaCl. The residue was dissolved in water (20 μL) and purified by gel electrophoresis (20% polyacrylamide, 35 W, 0.4 mm, 2 h). The product was confirmed by ESI-MS. The yield was 25-40% in repeated experiments.
In vitro transcription of 5'-triphosphorylated RNA adaptor strand A2 The in vitro transcription reaction with T7 RNA polymerase was done in 100 µL using 1 μM reverse strand T2 and 1 μM promoter strand in 40 mM Tris-HCl, pH 8.0, 30 mM MgCl 2 , 10 mM DTT, 4 mM each NTP and 2 mM spermidine at 37°C for 5 h. The RNA transcript was purified by gel electrophoresis (20% polyacrylamide, 35 W, 0.7 mm, 2 h) yielding 3.5 nmol A2, which was characterized by ESI-MS.
Method development for combinatorial NDS mutagenesis
Coupling efficiency of phosphoramidite 1 in competition with DNA phosphoramidites The incorporation efficiency of 1 in competition with deoxyribonucleotide phosphoramidites was determined by HPLC analysis of 5-mer model oligonucleotides (ACGTT). During the solid phase synthesis, one coupling step was performed with mixtures of 1 and one of the four dN amidites, containing 15-30% of 1 at a final phosphoramidite concentration of 100 mM. The mixtures were prepared from 100 mM stock solutions. Coupling conditions were as stated above for four minutes with BTT as activator. Cleavage of the oligonucleotide and deprotection of the phosphate backbone and nucleobases were achieved by 33% ammonium hydroxide:ethanol 3:1 for 18 hours at 55°C. The crude product was isolated and analyzed by denaturing anion exchange HPLC. The ratio of unmodified DNA pentamer and the pentamer containing one tBDMS-protected ∆ was calculated from the area integration (peak detection at 260 nm). For comparison, the modified pentamer AC∆TT was synthesized using a 100 mM solution of 1 for position ∆. Optimization of alkaline hydrolysis A 10-mer model oligonucleotide (E) containing ∆ at a single position was synthesized and used for analysis of the hydrolysis behavior of the nucleoside deletion resembling an incomplete ribose. Aliquots of the oligonucleotide were incubated at 95°C with various concentrations of NaOH, and the hydrolysis products were analyzed by anion exchange HPLC ( Figure S11 ). The expected hydrolysis products P1 and P2 were detected. The initially formed cyclic phosphate P1 c was further hydrolyzed to the isomeric 2' and 3' open phosphates P1 o . Even with 100 mM NaOH, only 15% of the oligonucleotide was hydrolyzed after incubation at 95°C for 30 min, while 400 mM NaOH resulted in 87% hydrolysis. The high flexibility of the non-nucleotidic spacer demanded for higher base concentrations. Based on these results, we decided to use a final concentration of 400 mM NaOH at 95°C for 15 min for hydrolysis of NDS libraries, which resulted in optimal hydrolysis at ∆, with negligible background hydrolysis of other phosphodiester bonds. Figure S12 . General workflow of combinatorial NDS mutagenesis. Experimental details for the individual steps are given in the following sections, for the application on nucleic-acid ligating deoxyribozymes.
Workflow of combinatorial NDS mutagenesis
A) Solid-phase synthesis of combinatorial deletion libraries of deoxyribozymes Following the analysis of the incorporation efficiency of phosphoramidite 1, the deoxyribozyme libraries for 8LV13 and 9HR17 were synthesized using dN/1 mixtures of 70/30. This resulted in 4-7% incorporation at each nucleotide position in the two loop regions containing 40 nucleotides in total. The binding arms were synthesized using standard DNA phosphoramidites (this required manual exchange of the phosphoramidite solutions, since the Pharmacia Gene assembler plus has only six phosphoramidite ports, but eight different solutions are needed). Figure S13 shows the anion exchange HPLC analysis of crude and purified DNA libraries. 
B) Separation of active deoxyribozyme mutants

B1) Enzymatic 5'-phosphorylation of NDS deoxyribozyme libraries
The ∆-containing NDS deoxyribozyme libraries (2 nmol) were incubated with 5 units of T4 PNK in presence of 1x PNK buffer (50 mM Tris.HCl, pH 7.6, 10 mM MgCl 2 , 5 mM DTT, 0.1 mM spermidine, 0.1 mM EDTA), 1 mM ATP in a final volume of 40 μL for 4 h at 37°C. The enzyme was denatured by heating at 70°C for 5 min. The 5'-phosphorylated products were isolated by precipitation with ethanol at -80°C and then used for the ligation reactions without further purification.
B2) Ligation of deoxyribozymes libraries to the corresponding adaptor strand substrates
The 5'-phosphorylated deoxyribozyme library (1 nmol) and the adaptor strand (1.13 nmol) were annealed in a final volume of 23 μL containing 1x annealing buffer (5 mM Tris.HCl, pH 7.6, 15 mM NaCl, 0.1 mM EDTA) by heating at 95°C for 2 min and slow cooling at RT for 30 min. The ligation reaction was initiated by adding 3 μL 10x T4 RNA ligase buffer (500 mM Tris.HCl, pH 7.5, 100 mM DTT, 50 mM MgCl 2 ), 0.6 μL 50 mM ATP and 10 unit of T4 RNA ligase (10 u/μL) adjusting the final volume to 30 μL. The reaction mixture was incubated at 25 °C for 10 h and then at 4°C for 12 h, quenched by 30 μL stop solution (80% formamide, 1x TBE, 50 mM EDTA, 0.0025% each of bromophenol blue and xylene cyanol). The ligation product was separated by denaturing PAGE (10% polyacrylamide, 0.7 mm, 35 W, 1 h 26 min). The products were visualised by UV shadowing and isolated as described above. The isolated yield was 10-15%.
B3) 3'-
32 P-labeling of DNA The deoxyribozyme libraries and the deoxyribozyme libraries ligated to their corresponding adaptor substrates were 3'-32 P-radiolabelled by α-32 P-dATP using a DNA template and Klenow DNA polymerase. The DNA (50 pmol) and the template T3 (250 pmol) were annealed in a 10 μL volume by heating at 95 °C for 2 min and subsequent cooling at RT for 30 min. The reaction mixture was incubated at 37°C for 1.5 h after adding 1.5 μL of 10x Klenow reaction buffer (100 mM Tris.HCl, pH 7.5, 50 mM MgCl 2 , 75 mM DTT), α-32 P-dATP (10 μCi) and 5 u Klenow DNA polymerase while the final volume was adjusted to 15 μL. The 3'-32 P-labeled products were isolated by denaturing PAGE (10%, 0.7 mm, 35 W, 45 min).
B4) Separation of active and inactive deoxyribozyme mutants by DNA-catalyzed synthesis of 2',5'-branched nucleic acids
The adaptor-ligated, 3'-32 P-labeled DNA library (~25 pmol) and the corresponding scaffold substrate (166 pmol) were annealed in the presence of 5 mM HEPES, pH 7.5, 15 mM NaCl, 0.1 mM EDTA by heating at 95°C for 3 min and cooling on ice for 5 min or at RT for 45 min in a total volume of 24 μL. The ligation reaction was initiated by adding 8 μL 5x HEPES ligation buffer (250 mM HEPES, pH 7.5, 750 mM NaCl, 10 mM KCl) and 8 μL 100 mM MnCl 2 to a final volume of 40 μL. The final Mn 2+ concentration was 20 mM. For each enzyme pool, the ligation reaction was performed at 37 °C for 30 min, 1.5 h and 3 h. The ligation products were separated by denaturing PAGE and the active (ligated) and inactive (unligated) fractions were isolated (10% PAGE, 0.7 mm, 35 W, 1 h). The separation of the 9HR17 pool was also performed in the presence of Mg 2+ instead of Mn
2+
, at pH 9.0 instead of pH 7.5. The adaptor-ligated, 3'-32 P-labelled 9HR17-library (~25 pmol) was annealed to the scaffold strand S2 (166 pmole) in the presence of 5 mM HEPES, pH 7.5, 15 mM NaCl, 0.1 mM in a total volume of 30 μL. The reaction was initiated by adding 8 μL 5x CHES ligation buffer (250 mM CHES, pH 9.0, 750 mM NaCl, 10 mM KCl) and 2 μL 800 mM MgCl 2 to a final volume of 40 μL. The final Mg 2+ concentration was 40 mM. The ligation reaction was performed at 37°C for 1.5 h and 3 h. The ligation products were again separated by denaturing PAGE and active (ligated) and inactive (unligated) fractions were isolated (10% PAGE, 0.7 mm, 35 W, 1 h). The ligation yields of the DNA-catalyzed ligation for 8LV13 and 9HR17 libraries are summarized in Table S1 . Tabel S1. Ligation yields for DNA-catalyzed formation of 2',5'-branched nucleic acids for 8LV13 and 9HR17 NDS libraries.
ligation C) Alkaline hydrolysis Aliquots (3 μL) of the active and inactive fraction as well as the unseparated NDS library were mixed with an equal volume of 800 mM aq. NaOH solution (final NaOH concentration 400 mM) and incubated at 95°C for 15 min in a PCR thermocycler with a heated lid. To the reaction mixture, loading dye (80% formamide, 1x TBE, 50 mM EDTA, 0.025% each bromophenol blue and xylene cyanol, 10 μL) was added. From this sample, 5 -6 μL were loaded on a denaturing sequencing gel [20% polyacrylamide, 0.4 mm, 20 × 40 cm 35 W, 3 h 15 min (for loop B) or 5 h / 5 h 45 min (for loop A)]. Gels were dried at 80°C under vacuum for 30 min and exposed to a Phosphor storage screen for 18 -38 h before scanning by a Storm PhosphorImager. The full hydrolysis gels for the 1.5 h reaction are depicted in Figure S14 .
D) Analysis and quantification of interference pattern
The analysis was similar to the procedure described for combinatorial mutation interference analysis (CoMA). [4a] Individual band intensities were quantified using the area analysis tool of ImageQuant software (Molecular Dynamics). The sum of all band intensities was normalized for minor loading differences. The interference values were calculated for every nucleotide position as the ratio of the band intensity in the unselected library by the band intensity in the active fraction. Deletion interference values larger than ten were set to 10.0. Values <2 (i.e., less than 50% change in intensity) were considered insignificant. The interference values were determined for the separated fraction after various ligation periods for both deoxyribozyme NDS libraries. The results are summarized in Figure S15 E-F) Kinetic assay for DNA-catalyzed synthesis of 2',5'-branched nucleic acids Kinetic assays were performed in a trimolecular format under single-turnover conditions. The 5'-32 Plabeled scaffold strand was the limiting reagent relative to the deoxyribozymes and adaptor strand. The ratio of scaffold:deoxyribozyme:adaptor was 1:3:15. The scaffold strand (1 pmol), adaptor strand (15 pmol) and deoxyribozyme (3 pmol) were annealed in 5 mM HEPES, pH 7.5, 15 mM NaCl and 0.1 mM EDTA in a 6 μL volume by heating at 95°C for 3 min and cooling for 5 min in ice or 45 min at RT. The ligation reactions were performed in 50 mM HEPES, pH 7.5, 150 mM NaCl, 2 mM KCl and 20 mM MnCl 2 (for both 8LV13 and 9HR17) or 50 mM CHES, pH 9.0, 150 mM NaCl, 2 mM KCl and 40 mM MgCl 2 (only for 9HR17). The reaction mixture was incubated at 37°C. Aliquots of 0.8 μL were removed at desired timepoints and quenched into 4 μL stop solution (80% formamide, 1x TBE, 50 mM EDTA, 0.025% each bromophenol blue and xylene cyanol). Samples were analysed by PAGE (20% polyacrylamide, 0.4 mm, 35 W, 1 h 45 min). Gels were dried and exposed to a phosphor storage screen. Band intensities were analyzed by ImageQuant. The yield versus time data were fit to the equation of a first order kinetics i.e. yield = Y*(1-e -kt ), where k=k obs and Y= final yield. The sequences of individual DNA mutants and the kinetic parameters are summarized in Tables S2 and  S3 . The corresponding gel images are depicted in Figures S17 and S19. Figure S18 shows the relationship of mutant 8LV13 sequences, and visualizes the effects on k obs of classified sequence changes (see Figure  caption for details). a Only the sequence of the loopA-P1-loopB region is shown. Each sequence has additional constant binding arms at the 5' and 3' end. The given sequences are preceded by 5'-CCGTCGCCATCTC-and followed by -TCCCGTATTATCC-3'. Ligation kinetics were measured at pH 7.5, in the presence of 20 mM Mn 2+ , at 37°C. Table S2 ). The timepoints are 0, 2, 5, 10, 15, 30, 60, 90, 180 min. Selected kinetic graphs are depicted in Figure 3 of the manuscript. a Only the sequence of the loopA-P1-loopB region is shown. Each sequence has additional constant sequences (binding arms) at the 5' and 3' end. The given sequences are preceded by 5'-CCGTCGCCATCTC-and followed by -TCCCGTATTATCC-3'. Ligation kinetics were measured at pH 7.5, in the presence of 20 mM Mn 2+ and at pH 9.0 in the presence of 40 mM Mg 2+ at 37°C. Figure S19 . Gel images for kinetic assays of 9HR17 mutants (k obs values see Table S3 ). The timepoints are 0, 2, 5, 10, 15, 30, 60, 90, 180 min (for the mutants marked with *, an additional timepoint at 240 min was analyzed). Selected kinetic graphs are depicted in Figure 4 of the manuscript.
